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Wheat in ancient Egypt

Middle Kingdom (2160-1785 B.C.) 
Egyptian Museum, Cairo



Loss data from Savary et al. (2019)
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Designated 
genes in 
wheat



Cloned wheat R genes

6



Cloned wheat R genes
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The number of 
cloned R genes is 

growing 
exponentially

Adapted from 
Keller et al. 2019
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RefSeq v1.0



Where can we 
find these R

genes?
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Where can we 

find these R
genes?
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Where can we 
find these R

genes?



Most genes have 
been characterised

from Triticum 
species
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Effector cloning

• Cloning effectors has been lagging behind

R

Avr

• Molecular diagnostics of virulence

• Testing the function of cloned R genes
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Gene cloning 
methods
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Core genes

Target genes

Aegilops tauschii
DD

Triticum aestivum
AABBDD



Gene cloning 
methods
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Core genes

Target genes

Whole-genome shotgun sequencing
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Chromosome flow sorting, amplification and sequencing

Sánchez-Martín et al. (2016) Genome Biology
Sequencing

NLR

Enriched DNATotal gDNA

R gene enrichment sequencing

Steuernagel et al. (2016) Nature Biotechnology
Sequencing



Gene cloning 
methods
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Core genes

Target genes



Open Wild Wheat Consortium
Gaurav et al. (2021) BioRxiv

K. Gaurav S. Arora

J. Sanchez

B. Keller

R. Horsnell

P. Silva

A. Bentley

J. Poland B. Wulff

Candidate gene 
discovery in 

Aegilops 
tauschii by 

GWAS
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Quality-checking diversity panels
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Quality-checking diversity panels

Significant 
association



Quality-checking diversity panels
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GEO

TUR

ARM

SYR
IRN

TKM

PAK

UZB
KAZ

TJK

AFGIRQ

AZE

Arora, Steuernagel et al. (2019) Nature Biotechnology



A tiered sequencing approach
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Sequencing - bells and whistles
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The Atlas budget

• 10 host and 9 pathogen diversity panels
• $7.6 million for sequencing 

• ~$50 million over 5 years for staff/consumables
• 375 full-time employment years

Mark Luterbacher 25

• $2.9 million/year from each G20



Return on investment
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$1
$31

Wheat R gene atlas 
reducing pathogen 
losses by 1%
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R gene 
deployment
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R gene 
deployment
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R gene 
deployment
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R gene 
deployment

Dynamic diversity:

McDonald, 2014
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Gene stewardship
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R genes can be split into 3 groups:
• Group A
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Gene stewardship

• Inherently durable
• Do not require stewardship

Lr34 Lr46

Sr2

Durable in the field

Lr67 Yr36

Non-race-specific 
immunity

mlo

Recessive, non-race-
specific immunityWidely defeated genes

Yr7
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R genes can be split into 3 groups:
• Group A
• Group B

Gene stewardship

• Vulnerable to defeat

• Deploy only in stacks

• Incentivise by awarding extra points to 
cultivars with durable resistance

• Atlas can be used to design markers to assess 
R gene complement of existing varieties

Yr5 Yr15 Sr22 Sr26
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R genes can be split into 3 groups:
• Group A
• Group B
• Group C

Gene stewardship

• Alien or synthetic R genes

• Deployment could be managed through 
patenting
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Achieving the 
resistance gene 

machine
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Thank you!
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Sanu Arora David Gilbert

Figure design
Tobin Florio
https://flozbox-science.com/

Budget guidance
Mark Luterbacher

Robert Bowden

USDA-ARS

John Innes Centre, Norwich

Taxonomic classifications
Michiel van Slageren

Patent searches
Simon Aspland

Find our preprint on Zenodo: https://zenodo.org/record/4469514#.YJJ4-6lKhpS

https://flozbox-science.com/
https://zenodo.org/record/4469514

